Raman and Infrared studies were carried out on pristine and 100 MeV Ag 8+ ion irradiated calcite single crystals in the fluence range 1 × 10 11 to 1 × 10 13 ions/cm 2 . Raman and Infrared modes were assigned according to factor theory analysis. It is observed that the intensities of the Raman and infrared bands decrease with increase of ion fluence. The decrease of these bands is attributed to breakage of carbonate ions and other details are discussed.
Introduction
The modification of materials using energetic ion beams has become a wide field of basic research especially regarding the underlying process of damage creation. Swift heavy ion (SHI) irradiation produces modifications in bulk localized and surface properties of the materials depending upon the irradiation dose, atomic mass and energy of the ion beam used [1] .
When an energetic ion penetrates through any material, it loses energy mainly by two process: (i) elastic collisions with the nuclei known as nuclear energy loss (dE/dx) n which dominates at an energy of ∼1 keV/amu and (ii) inelastic collisions of the highly charged projectile ion with the atomic electrons of the matter known as electronic energy loss (dE/dx) e which dominates at an energy of ∼1 MeV/amu or more. In the inelastic collision the energy is transferred from the projectile to the atoms through excitation and ionization of the surrounding electrons. The amount of electronic energy loss in each collision varies from tens of eV to a few keV per angstrom [2] . SHI produce intense radiation damage in all materials, which traverse namely insulators, metals and semiconductors. The interaction between SHI and bulk materials leads to specific effect due to large amounts of energy (dE/dx) e being deposited on the target electrons by incident ions [3] .
Raman spectroscopy has evolved as a powerful, non-destructive, non-contact analytical tool for characterization of the composition and structure of materials with molecular (and bond) specificity [4, 5] . In fact a tremendous boost in the field of Raman spectroscopy has come with the advent of Raman microprobing with capabilities of spatial resolution of the order of few micron. It has now become possible to identify the micrometer scale in homogeneity on surfaces and extract submicron (nm size) spatial information of structural and compositional changes. In the present paper, we are reporting that how the 100 MeV swift Ag 8+ ion irradiation affects various modes of vibrations in these crystals to understand the ion matter interactions in depth.
Calcite, a trigonal, space group R3c, transparent to translucent, found in white, red, orange, green and blue. This is a promising material used in industries such as paper, plastic, chalks and pharmaceuticals. The metallic elements present in natural calcite are Ca, Mg, Fe, Zn and Co [6] . 
Experimental
The transparent calcite single crystals of ∼1 mm × 1 mm × 2 mm are cleaved in a big block procured from Alminrock minerals, Bangalore, India. These crystals are mounted on a rectangular copper ladder used as a sample holder with good thermal contact. The samples are irradiated at RT over an area ∼1 cm × 1 cm by scanning the ion beam using an electromagnetic scanner. The vacuum in the irradiation chamber is maintained at ≈10 −6 Torr. The irradiation fluence was estimated by measuring the ladder current under secondary electron-electron suppressed geometry and taking the scanned ion beam area. Ag 8+ ions of 100 MeV are used to irradiating the calcite samples from 15-UD Pelletron at Inter University Accelerator Center, New Delhi [7] with appropriate beam current of 2 Pna. The fluences used are 1 × 10 11 to 1 × 10 13 ions/cm 2 .
Raman spectroscopic studies are performed on the pristine and ion irradiated crystals using a Renishaw In-via Raman spectrometer with 785 nm He-Cd laser operating at 150 W power and a Leica DMLM optical microscope equipped with 50× objective lens is used to determine the analyzed part of the sample. The schematic diagram of Raman spectrometer is shown in Fig. 1 . The system also includes a monochromator, a filter system and CCD. The Raman spectra are taken from different places of the implanted calcite crystals in the range 100-2500 cm −1 to verify the reproducibility and consistency of the data. Three accumulations for each position with an accumulation time of 10 s are maintained for all the measurements. The spectra are calibrated using 520 cm −1 line of silicon wafer. The data acquisition and analysis are carried out using WIRE 2.0 software. The FT-IR measurements of pristine and ion irradiated calcite single crystals are carried out using Bruker FT-IR instrument from 400 to 3500 cm −1 .
Results and discussion
Raman spectra of pristine and 100 MeV Ag 8+ ion irradiated calcite single crystals in the fluence range 1 × 10 11 to 1 × 10 13 ions/cm 2 are shown in Fig. 2 . The spectrum has six fundamental bands located at 152, 280, 706, 1086, 1434, 1758 and extra bands at 1118, 1184, 1290, 1380, 1537, 1658 and 1838 cm −1 are recorded in pristine samples. These fundamental bands are in good agreement with those reported in literatures [8] [9] [10] [11] . According to factor group analysis of calcite spectra, the bands at 152 and 280 cm −1 have been assigned to translational (E g ) and rotational (E g ) modes, respectively [12] . The weak bands at 706 and 1434 cm −1 are internal E g Fig. 2 . Raman spectra of pristine and 100 MeV Ag 8+ ion irradiated calcite single crystal. modes corresponding to in-plane bending ( 4 ) and antisymmetric stretching ( 3 ) modes of carbonate ions [13] . The overtone band at 1758 cm −1 is an A 1g internal mode derives from the out-of-plane bending ( 2 ). Fig. 3 shows the variation of Raman peak intensity as a function of ion fluence. It is observed that the decrease in intensity is very larger for 1118, 1184 1290 1380, 1434, 1537 and 1658 cm −1 bands when compared to 152, 280, 706 and 1086 cm −1 bands. The peak intensity of different Raman modes in pristine and ionirradiated samples is given in Table 1 . It is observed that the peaks intensity decreases exponentially with increase of ion fluence. It is further observed that the decreasing rate is different for different peaks in ion-irradiated samples. It means that different modes have different sensitivities to ion irradiation. The width of the modes at 152, 206 and 1086 cm −1 remains almost constant but the width of 1118, 1290 and 1380 cm −1 modes increases with increase of ion fluence and the mode at 1838 cm −1 shows most broadening. The peak positions do not change significantly with ion irradiation as shown in Fig. 4 . FT-IR spectra of pristine and Ag 8+ ion irradiated calcite recorded in the range 400-3500 cm −1 and is shown in Fig. 5 . The peaks observed are fundamental IR active modes consistent ) w, weak; s, strong; T, translational; R, rotational. with previously reported literature [14] and these are attributed to internal modes of A 2u and E u . The area under the peak, intensity and FWHM of all the absorption modes are found to be decrease exponentially with increase of ion fluence. It clearly indicates that the intensity of Raman modes decreases with increase of ion fluence. The decrease of these modes indicates the amorphization of calcite due to breakage of carbonate ions (-C-C and -C C-). The varia- tion in Raman bands of calcite may perhaps be attributed more to variation in crystallite size, or disorder in crystalline structure. It is noticed that there are no new peaks in the ion irradiated calcite spectra. The lack of new peaks and the peak shift give strong evidence that no substantial amount of intermediate fragmentation of calcite occurs. In the present studies, Raman and FT-IR spectra suggest that there is structural damage to the calcite lattice upon ion irradiation. From TRIM results, when the energy of the incident ions is of few keV then the nuclear energy loss (S n ) are significant as compared to electronic energy loss (S e ). In the present experiment, we have used 100 MeV energy for irradiation and the electronic energy is dominant over the nuclear energy transfer interactions in the near surface region. In calcite the incident ions are expected to break the carbon molecules. The disordered carbon atoms will contribute to the internal stress and thus the IR and Raman peaks will be broader than sharper peaks. The vibration spectrum of the crystal is modified even by slight changes in the crystal structure, sample of different origin and substitution by different cations and anion sites.
Conclusion
The Raman and Infrared spectroscopic studies of 100 MeV Ag 8+ swift heavy ion irradiated calcite single crystals have been studied in the fluence range 1 × 10 11 to 1 × 10 13 ions/cm 2 . Fundamental Raman and Infrared bands were observed and assigned according to group theory analysis. The decrease in Raman and IR bands with increase of Ag 8+ ion fluence might be attributed to breakage of carbonate ions. The extra Raman modes observed in calcite might be due to changes in the crystal structure, variation in crystallite size and sample origin.
